Assimilation of inorganic nitrogen from nutrient-poor tropical seas is an essential challenge for the endosymbiosis between reef-building corals and dinoflagellates. Despite the clear evidence that reef-building corals can use ammonium as inorganic nitrogen source, the dynamics and precise roles of host and symbionts in this fundamental process remain unclear. Here, we combine high spatial resolution ion microprobe imaging (NanoSIMS) and pulse-chase isotopic labeling in order to track the dynamics of ammonium incorporation within the intact symbiosis between the reefbuilding coral Acropora aspera and its dinoflagellate symbionts. We demonstrate that both dinoflagellate and animal cells have the capacity to rapidly fix nitrogen from seawater enriched in ammonium (in less than one hour). Further, by establishing the relative strengths of the capability to assimilate nitrogen for each cell compartment, we infer that dinoflagellate symbionts can fix 14 to 23 times more nitrogen than their coral host cells in response to a sudden pulse of ammoniumenriched seawater. Given the importance of nitrogen in cell maintenance, growth and functioning, the capability to fix ammonium from seawater into the symbiotic system may be a key component of coral nutrition. Interestingly, this metabolic response appears to be triggered rapidly by episodic nitrogen availability. The methods and results presented in this study open up for the exploration of dynamics and spatial patterns associated with metabolic activities and nutritional interactions in a multitude of organisms that live in symbiotic relationships.
Introduction
Tropical and subtropical coral reefs are among the most productive and biologically diverse marine ecosystems on Earth. The carbonate platforms of the reefs are the result of the strong biomineralizing activity of scleractinian corals, which is supported by their endosymbiosis with dinoflagellates (genus Symbiodinium). This symbiosis occurs in virtually all the reef-building corals living in the photic zone (Venn et al., 2008) , on a geographical area of over 280 000 km 2 (Spalding et al., 2001) . The trophic role of such coral-dinoflagellate symbiosis has been investigated since the pioneer work of Muscatine in the late 1960s, who demonstrated that the translocation of photosynthetically fixed carbon compounds by the dinoflagellates can contribute to most of the metabolic requirements of their coral host (Muscatine, 1990) . However, compared with carbon cycling, nitrogen cycling in such symbiosis has been the focus of less attention.
Together, the coral and their dinoflagellate partners are able to acquire inorganic nitrogen, which is advantageous in an environment where planktonic supply may be episodic (Yellowlees et al., 2008; Sheppard et al., 2009) . Among the different dissolved nutrients, ammonium is the preferred source of nitrogen for symbiotic corals ( Figure 1a ) (Grover et al., 2002 (Grover et al., , 2008 . However, the relative contribution of coral and dinoflagellate cells to fix ammonium in this symbiosis has remained unclear. Both the coral host and the algae possess the enzymatic machinery required to incorporate ammonium into their tissues. It has been proposed that the majority of ammonium is assimilated either by the dinoflagellate symbiont via the glutamine synthetase/ glutamine:2-oxoglutarate aminotransferase (GS/ GOGAT) cycle (D'Elia et al., 1983; Roberts et al., 1999 Roberts et al., , 2001 or by the coral host via the action of GS and/or glutamate dehydrogenase (Figure 1c ) (Miller and Yellowlees, 1989; Wang and Douglas, 1998; Yellowlees et al., 2008) .
The intertwined nature of the coral-dinoflagellate endosymbiosis (Figure 1b) , as well as the presence of coral-associated microbial communities have made the relative quantification of host and symbiont contributions to enzymatic processes and metabolic activities extremely difficult. Metabolic studies on coral-dinoflagellate symbioses generally involve the unnatural culture of both symbiotic partners separately or the separation of algal and host tissue fractions, an experimental procedure, which is often incomplete and hampered by crosscontamination (Yellowlees et al., 2008) . In this context, recent advances in a high-resolution isotopic imaging technology, the sub-micrometer scale ion microprobe technique referred to as NanoSIMS provides direct imaging and quantification of the metabolic exchanges within an intact symbiosis following stable isotope labeling (Lechene et al., 2006 (Lechene et al., , 2007 Kuypers, 2007; Musat et al., 2008; Dattagupta et al., 2009; Foster et al., 2011) . Nano-SIMS has recently been successfully applied to reefbuilding corals in order to image trace-elemental distributions in different ultra-structural components of both fossil and living corals (Meibom et al., 2004 (Meibom et al., , 2008 Clode et al., 2007; Reynaud et al., 2007; Stolarski et al., 2007; Houlbreque et al., 2009; Brahmi et al., 2010) . Here, we use NanoSIMS imaging to trace the fixation of isotopically labeled ammonium from seawater within the symbiosis between the reef-building coral Acropora Aspera and the dinoflagellate symbionts Symbiodinium.
In a pulse-chase experiment, fragments from three coral colonies were exposed to 15 NH 4 Cl-enriched seawater (20 mM in final concentration) for 1 h (the 'pulse' or 'labeling event'). The coral fragments were then transferred to natural seawater with natural isotopic abundances of ammonium and sampled 2, 5 and 11 h, respectively, after the end of the labelingpulse (the 'chase' phase, Supplementary Figure S1 ) in order to trace 15 N-ammonium uptake and incorporation in coral and dinoflagellate cells.
Materials and methods
Collection and maintenance of corals A. aspera corals used in this study were collected on the reef flat adjacent to Heron Island Research Station (HIRS, 23133 0 S 151154 0 E) in April 2009. In all, three separate and healthy colonies of A. aspera were divided into single upward-growing branch tips (5-6 cm long) and immediately transferred to flow-through aquaria at HIRS. Coral fragments were then attached to fine nylon fishing line and acclimatized to the mean local ambient temperature for a week in natural seawater in six independent flow-through aquarium tanks (60 l; three tank replicates per treatment). The ambient light levels were controlled throughout the experiment using shade cloths to mimic natural reef flat conditions (noon irradiance ranging from 700 to 1000 mmol À and ammonium, NH 4 þ ) to the nitrogen requirements of corals (Grover et al., 2008) . (b) Schematic diagram of coral oral tissues structure (inset of A) indicating the location of the endosymbiotic dinoflagellates in the coral gastrodermal cells. (c) Overview of ammonium cycle within the coral-dinoflagellate endosymbiosis. Orange arrows present the two main hypotheses proposed for ammonium assimilation within the symbiosis (coral host or dinoflagellate symbiont) and the presence of the corresponding enzymes. dGS: dinoflagellate symbiont glutamine synthetase; dGOGAT dinoflagellate symbiont glutamine:2-oxoglutarate aminotransferase; hGS: coral host glutamine synthetase; hGDH: coral host glutamate dehydrogenase. Gray arrows indicate proteins catabolism and excretion pathways.
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as measured by Odyssey light loggers; Dataflow, Christchurch, New Zealand).
Labeling experiment
In order to examine the effect of 15 NH 4 Cl, coral fragments were randomly distributed between the tanks at the time of acclimation and then exposed to two experimental treatments (that is, pulse-chase and control treatments; Supplementary Figure S1 ). Coral fragments were incubated in artificial seawater in six independent small aquaria (10 l; three tank replicates per treatment; close water system; continuously stirred using one powerhead pump for each tank) during the 1 h-pulse period of the experiment. For the pulse-chase treatment, artificial seawater was enriched in ammonium by adding 15 NH 4 Cl powder to a final concentration of 20 mM. This concentration is 10 to 20 times above the natural concentration of ammonium in seawater, generally p2 mM (Bythell, 1990; Grover et al., 2002) , and may represent elevated environmental levels of ammonium caused by nutrients enrichments in coastal waters (Koop et al., 2001) . This dose was selected to assess the feasibility and resolution of this methodology and is in the range of concentrations previously used in most of the experimental studies targeting ammonium assimilation in symbiotic cnidarians (Yellowlees et al., 1994; Koop et al., 2001; Roberts et al., 2001; Davy et al., 2006) . The 15 NH 4 Cl powder had an estimated grain size of about 10-100 mM and a 15 N isotopic abundance of 98% (commercially available from Sigma, Castle Hill, NSW, Australia). After the 1 h-pulse period, labeled and control treated coral samples were transferred to natural seawater in six independent flow-through aquarium tanks (60 l; three tank replicates per treatment) for the rest of the experiment period. A subset of coral branches (n ¼ 6) was randomly removed from the treatment and control tanks at T ¼ 0, 1, 3, 6 and 12 h, respectively. Each coral branch was divided into two by using wire cutters; one part was directly snap frozen using liquid nitrogen and stored at À80 1C for amino-acids and symbiont density analysis, and a second part was fixed in 1.25% glutaraldehyde þ 0.5% paraformaldehyde in filtered sea water for further TEM (transmission electron microscopy) and NanoSIMS analyses.
Tissue preparation for TEM and NanoSIMS analyses Coral samples were fixed, embedded in Araldite, cut into 250 nm sections and mounted onto finder grids for TEM (ProsciTech, Kirwin, QLD, Australia) as described (Supplementary Text S1).
TEM analyses
The different regions of interest (ROI) within the tissue sections were first imaged and mapped at the Centre for Microscopy and Microanalysis (the University of Queensland, Brisbane, QLD, Australia) using a JEOL JEM1010 Transmission Electron Microscope (JEOL, Frenchs Forest, NSW, Australia) operated at 80 kV accelerating voltage. On the basis of TEM images of coral tissue sections mounted on TEM Finder grids (ProsciTech), the areas of oral tissue presenting both symbiotic dinoflagellate cells, coral host epidermal cells and gastrodermal cells were selected as ROI. These coral tissue sections were subsequently mounted on NanoSIMS holder and coated with calcium and 10 nm gold for further NanoSIMS analyses.
NanoSIMS analyses
Tissue sections were imaged with the NanoSIMS ion microprobe at the Muséum National d'Histoire Naturelle in Paris in order to quantify the distribution of newly fixed 15 N within Acropora aspera. The ROI in the coral tissue sections were located by using the camera of the NanoSIMS instrument and the corresponding alpha-numerical code present on each square of the finder grids (letters representing rows and numbers representing columns) in order to ensure further NanoSIMS analysis of the exact TEM imaged areas. The gold-coated TEM sections were bombarded with 16 keV Cs þ ions focused to a spot of about 250 ± 50 nm on the sample surface, depending on the dimensions of the imaged area and the number of pixels in the image. N ratio in selected ROI (circles with a diameter of about 7-10 mM for symbiont and host cells) that did not overlap intercellular spaces or the mesoglea, in labeled and unlabeled samples as follows: Physiological measurement A total of six coral branches were used for each treatment and each time point in order to assess changes in the physiology of the endosymbiotic dinoflagellates within A. aspera. Coral tissue was removed from the samples previously stored at Cell densities of Symbiodinium The population density of dinoflagellates was determined using a SEDGEWICK rafter cell 550 haemocytometer (ProSciTech S8050). For each coral branch, the population density of dinoflagellates was estimated by counting and averaging the number of dinoflagellate cells present in 10 subsamples. Briefly, for each subsample, 100 ml of sample was added to the edge of the 'V'-shaped notch on the haemocytometer chamber. The counting grid on the haemocytometer consists of nine large squares (1 ml) divided into 25 smaller squares (0.04 ml). The number of dinoflagellate cells per subsample was counted in a total of 25 smaller squares (total volume of 1 ml). The rest of the pellet containing Symbiodinium cells was used for further analysis of the content in total nitrogen, glutamine and glutamate. Dinoflagellate density was then normalized to the skeletal surface area (cm 2 ) of each coral branch by using the melted paraffin technique modified from Stimson and Kinzie (1991) .
Nitrogen content and uptake rate Nitrogen content (%) was analyzed in both coral tissue and dinoflagellate in duplicate using standard combustion (950 1C) method (Supplementary Text S1). The nitrogen uptake rate per mg of host tissue or dinoflagellate was calculated according to the equation of Dugdale and Wilkerson (1986) , presented in Grover et al. (2002) (Supplementary Text S1).
Glutamine and Glutamate composition
Amino acids in the samples were separated by reverse-phase high performance liquid chromatography according to the method of Swanson and Hoegh-Guldberg (Swanson and Hoegh-Guldberg, 1998 ) (Supplementary Text S1).
Statistical analysis
Statistical analyses were done using the software Statistica 7.0 (Statsoft Inc., Tulsa, OK, USA). Kolmogorov-Smirnov and Levene's test first tested the data for normality and homoscedasticity, respectively. When data deviated from normality and/or were not homogenous, then non-parametric test (Mann-Whitney U-and Kruskal-Wallis-test) was applied instead of the parametric test (one-way analysis of variance (ANOVA) and paired two-tailed t-test). Throughout the paper, values given are mean±s.d. Results were considered significant at 5%. Glutamine and glutamate data are presented on a log 2 scale in order to produce similar visual appearance for up and downregulation.
Results and discussion
NanoSIMS analysis NanoSIMS provided detailed images of the 15 N/ 14 N ratio that could be correlated directly with TEM observations of the corresponding cell-structures (Figure 2 ), allowing the detection of specific cellular structures responsible for the fixation of 15 N from ammonium-enriched seawater. Observations indicated a rapid uptake of 15 N-ammonium, with 15 N label clearly appearing in the dinoflagellates cells within the 1 h-pulse (Figures 2c and d) , and remaining stable throughout the 11 h-chase following the labeling event. By contrast, the 15 N-labeling of the coral host tissue remained substantially weaker during the entire experiment (Figure 2 ).
The dynamics of ammonium incorporation in hospite was followed and quantified by measuring the 15 N/ 14 N ratio within individual dinoflagellate cells and within the oral part of the coral host tissue (as illustrated in Figure 3 , individual values are given in Supplementary Table S1 ). In the oral host tissue, 15 N/ 14 N ratio was measured separately in epidermal (that is, cells of the coral oral pseudostratified epithelium) and gastrodermal cells by selecting ROI that did not overlap dinoflagellate symbionts, nor inter-cellular spaces or the mesoglea. For each ROI, the average 15 N/ 14 N ratio was determined and compared with the corresponding natural (that is, unlabeled) abundance ratios in order to calculate 15 N-enrichment. Dinoflagellate cells present in coral tissue sections displayed a substantial 15 N-enrichment after their incubation in enriched seawater (one-way ANOVA F 4, 45 ¼ 81.34; Po0.001) with a 3600 ± 200%. 15 N-enrichment at the end of the 1 h-pulse (t ¼ 1 h, relative to the natural abundance, Unequal N Honestly Significant Difference (HSD) Po0.001), followed by a slight increase in the first 5 h of the chase (4770 ± 1180% 15 N-enrichment at t ¼ 3 h relative to the natural abundance, Unequal N HSD Po0.001) and finally accompanied by a plateau from 6 h onward (6100 ± 910 and 6790 ± 1460% 15 Nenrichment at t ¼ 6 h and t ¼ 12 h, respectively, relative to the natural abundance, Unequal N HSD Po0.001, Figure 3e ). These results emphasize two important points. First, the dinoflagellate symbionts rapidly absorbed nitrogen during the 1 h-pulse of seawater enriched in ammonium. Because unicellular Symbiodinium live within the cells of the host gastrodermis, which line the gastric cavity also named coelenteron (see Figure 1a) , the short timescale on which the 15 N-label reached the symbiont formally supports the hypothesis that the ammonium taken-up and fixed by dinoflagellates derives from the seawater filling the coelenteron and is rapidly transported through coral host tissue as suggested by D'Elia (D'Elia et al., 1983 Figure 3e ). This 15 N-enrichment was 8 to 13 times less than the one observed in the dinoflagellate symbionts, but it suggests that the coral host has the capacity to directly assimilate ammonium from enriched seawater (Miller and Yellowlees, 1989; Szmant et al., 1990; Yellowlees et al., 1994; Wang and Douglas, 1998; Lipschultz and Cook, 2002) . A way to investigate this hypothesis would be to use Nano-SIMS to precisely measure ammonium assimilation rates in individual cell types of coral free of symbionts (experimentally bleached) or incubated in prolonged darkness (Wilkerson and Muscatine, 1984) .
After the 15 N-ammonium pulse, the proportion of 15 N/ 14 N in coral host tissue remained constant with the exception of an increase in 15 N-enrichment of coral epidermal cells, 11 h after the labeling event (390 ± 260% increase at t ¼ 12 h compared with t ¼ 6 h for epidermal cells, Unequal N HSD Po0.005 n ¼ 29 and n ¼ 10 for 12 and 6 h respectively; Figure 3e ). This particular result is consistent with the hypothesis that nitrogen derived-compounds may be transferred from the dinoflagellate symbionts to the coral host only some time after their synthesis (Wang and Douglas, 1999) .
The difference between the 15 N-enrichment of epidermal cells and gastrodermal cells within coral host oral tissue (two-way ANOVA, interaction fraction-time: F 4,249 ¼ 13.46, Po0.001) was intriguing, with the relative 15 N-increase being significantly greater in the epiderm than in the gastroderm, suggesting differential dynamics of 15 N-ammonium incorporation in these two oral tissue layers. These significant differences could be the result of (i) a differential access to 15 N-ammonium from seawater, epidermal cells being in direct contact with seawater, whereas the gastrodermal cells line the coelenteron internal cavity and/or (ii) the presence of microbial population associated to the coral epidermal tissue. For instance, metagenomic analysis of the coral holobiont Porites astreoides indicates potential fungal assimilation of ammonium for use in biosynthesis ; in addition, ammonium-oxidizing and nitrifying bacteria might be present within this coral tissue layer and involved in the overall oxidation of ammonium to Table S1 .
Single-cell view of ammonium assimilation in corals M Pernice et al nitrite to nitrate that could be then assimilated by the coral host (Mohideen et al., 1990; Beman et al., 2007) . A few localized 15 N-enrichment 'hotspots' were detected in the host epiderm, which could reflect the activity of such microbial communities. However, these intracellular 15 N 'hotspots' appeared only during the 'chase' period (that is, at least 3 h after the transfer of corals to natural seawater) and, based on high-magnification TEM imaging of corresponding areas, they do not resemble to microbial structures (Supplementary Figure S2) . The assumption that the different enrichment observed in epidermal and gastrodermal cells is the result of a differential access to 15 N-ammonium from seawater is therefore the most likely. Finally, the occurrence of these 15 N 'hotspots' in the basal part of the coral oral epithelium, an area where granules of glycoproteins have been previously detected (Fautin and Mariscal, 1991) is consistent with an alternative hypothesis involving potential storage of Single-cell view of ammonium assimilation in corals M Pernice et al nitrogen-derived compounds in the coral host compartment. Further studies are therefore needed to determine precisely the nature of these 15 N 'hotspots'.
Quantification of cell-specific ammonium uptake rate By normalizing the 15 N-incorporation to the average nitrogen content of the animal and algal fractions and to the time of incubation following the equation of Dugdale and Wilkerson (1986) , it was possible to estimate the 15 N taken up per hour by the host and the dinoflagellate cells, respectively. The symbionts fixed nitrogen during the 1 h-pulse of ammoniumenriched seawater with a specific uptake rate of 504 ± 28 ng N h À1 mg À1 . Given that this uptake rate is in the range of values found previously in bulk analyses of algal fractions mechanically separated from host tissues (Yellowlees et al., 1994; Grover et al., 2002) , it confirms the capabilities of Nano-SIMS for in situ imaging and for quantifying the assimilation of nitrogen by individual cells within the coral-dinoflagellate symbiosis. However, it is important to note that this methodology might not be as accurate for tracking the incorporation and transfer of any cellular material within the symbiosis such as, for instance, carbon-derived compounds. Indeed, although chemical fixation of the tissue samples with glutaraldehyde cross-links most of the proteins and amino acids rendering them insoluble, it does not stabilize sugars and other soluble molecules poor in amino groups. Such molecules might thus get extracted during successive steps of sample rinsing and dehydration (Wagner, 2009 ) and, as a result, ineffectively detected by NanoSIMS. Future studies using this technology to precisely quantify metabolic activities and assimilation of elements other than Nitrogen should therefore use advanced sample preparation methodologies such as, for example, high-pressure freezing in order to effectively immobilize any cellular material (Smart et al., 2010) .
Relative contribution of coral and dinoflagellate symbiont to ammonium uptake Comparison between host and symbiont uptakerates further allows establishing the relative contribution of dinoflagellate and animal cells to the ammonium fixation capabilities. In this respect, our data indicates that the dinoflagellate cells incorporated 14 to 23 times more nitrogen than coral host cells during the 1 h-pulse of NH 4 Cl (specific uptake rates of: 504 ± 28 ng N h À1 mg À1 , n ¼ 15 for dinoflagellate symbiont; 36±11 ng N h À1 mg À1 , n ¼ 52 for coral host epiderm cells; and 22±6 ng N h À 1 mg À1 , n ¼ 51 for coral host gastroderm cells; Figure 4 ). This particular result demonstrates a significant heterogeneity in the ability of coral and dinoflagellate cells to fix nitrogen from seawater enriched in ammonium, the dinoflagellate symbionts providing the most active, but not the only site of fixation.
Symbiotic Symbiodinium live within the cells of the coral gastrodermis. Consequently, their capacity to incorporate nitrogen during a pulse of enriched seawater depends not only on their assimilatory capabilities but also on the passage of nitrogen from the seawater through the coral host tissue to the vacuole containing the dinoflagellate cells. D 'Elia et al. (1983) inferred that the transport of nitrogen occurs principally by diffusion down a concentration gradient created by localized deficit of ammonium in the coral host tissue surrounding symbiotic dinoflagellates. It is possible then that the coral host maintains this concentration gradient in the areas surrounding symbiotic dinoflagellates by rapidly fixing ammonium into amino acids, which can be used by the coral or transferred to the algal cells later on. This hypothesis has been somehow neglected so far (but see : Miller and Yellowlees, 1989; Wang and Douglas, 1998; Yellowlees et al., 2008) based on evidence that GS/GOGAT cycle, the fastest route for incorporating ammonium into amino acids through glutamate, is not widespread in animals. However, recent studies demonstrated that GS/GOGAT cycle is active in several metazoans (Scaraffia et al., 2005; Hansen and Moran, 2011) and our analyses using BLAST algorithm (Altschul et al., 1990) indicate that transcripts encoding proteins with high similarities to the domains of GOGAT are present in two cnidarian genomes (Nematostella vectensis (Sullivan et al., 2006) , genBank accession number: XP_001630774.1; Acropora digitifera (Shinzato et al., 2011) , http://marinegenomics.oist.jp/acropora _digitifera/, gene ID: aug_v2a.08445.t1; Supplementary Table S2 ). In congruence with the rapid 15 N-enrichment observed in the coral tissue by Single-cell view of ammonium assimilation in corals M Pernice et al NanoSIMS after the pulse of 15 N-ammonium enriched seawater, the results of these BLAST searches suggest that coral hosts could use GS/GOGAT cycle to rapidly fix seawater-derived ammonium into amino acids. By doing so, the coral host would not only protect its tissue from high and toxic environmental ammonium load, but would also facilitate the transport of ammonium to the dinoflagellate cells, thus enabling a more efficient use of the pulse of enriched seawater. Once ammonium is present in the direct environment of symbiotic dinoflagellates, its assimilation depends on the physiological properties of the algae including (i) the activity of ammonium transporters, as suggested by the presence of several sequences encoding such transporters in an expressed sequence tag library from Symbiodinium (Leggat et al., 2007) and (ii) the concerted action of several enzymes in dinoflagellate cells such as glutamate dehydrogenase, GS and GOGAT (Summons and Osmond, 1981; Summons et al., 1986) .
Metabolic fate of ammonium assimilated by dinoflagellate symbionts
The main ammonium assimilatory pathway in dinoflagellate is via the GS/GOGAT cycle (Summons and Osmond, 1981; Summons et al., 1986; Rahav et al., 1989; Roberts et al., 1999) in which GS first transfers ammonium to glutamate to produce glutamine and GOGAT then completes the cycle by catalysing the conversion of glutamine and 2-oxoglutarate to produce Glutamate (Falkowski et al., 1993; Roberts et al., 1999; Inokuchi et al., 2002) . The abundance of Glutamine and Glutamate is therefore supposed to be a sensitive indicator of assimilation of nitrogen following uptake of ammonium by dinoflagellate (Flynn et al., 1994) . Physiological measurements supports significant incorporation of ammonium by A. aspera dinoflagellate symbionts via GS/GOGAT, with a relative increase in Glutamine and Glutamate detected at the end of the 1 h-pulse of NH 4 Cl (1.9±0.8 and 2.1 ± 0.7-fold increase in Glutamine and Glutamate respectively at 1 h, t-test, Pp0.05, Figure 5 ) followed by a decrease back to control level from 3 h onward indicating rapid mobilization of these amino-acids. Because Glutamine and Glutamate are the amino group donors in the formation of numerous biosynthetic products, their metabolic fates could then follow several pathways within coral-dinoflagellate symbiosis: (i) Glutamine and Glutamate could be transferred directly to the coral host (Hypothesis 1, Figure 6 ); (ii) Glutamine and Glutamate could be used by the symbionts to synthesize other amino acids and proteins that could be later mobilized within symbiont cell compartment or translocated to the coral host (Hypothesis 2, Figure 6 ) (Wang and Douglas, 1999) ; (iii) Glutamate could be directly used by the symbionts to produce the key Krebs cycle intermediate a-ketoglutarate that, in turn, can be used to stimulate ATP production (Hypothesis 3, Figure 6 ) or (iv) Glutamine could be subsequently incorporated by the dinoflagellate through the purine pathway to form derived compounds with high nitrogen content, such as uric acid, that could be stored and later mobilized when nitrogen acquisition may be limited (Hypothesis 4, Figure 6 ) (Clode et al., 2009) . Because of 15 N-enrichment in dinoflagellate cells did not decrease over the 11 hchase period, our data are more consistent with the storage and mobilization of 15 N-ammonium derived compounds within the symbiont cell compartment (Hypotheses 2, 3 and 4, Figure 6 ), than with the rapid translocation of 15 N-ammonium derived compounds from the symbiont to the host (Hypothesis 1, Figure 6 ). However, the design of the pulse-chase experiment in this study (11 h-chase period) focused on the early steps of ammonium assimilation in the coral-dinoflagellate symbiosis. Further, a small, but significant, 15 N-enrichment was detected in the coral tissue during the last 6 h of the chase, therefore, a delayed release of amino acids from the dinoflagellate symbiont, as proposed by Wang and Douglas (Wang and Douglas, 1999) , has to be considered. In this respect, future studies focusing on the exchange of nitrogen-derived compounds within this symbiosis need to include labeling Glutamate * * Figure 5 Effect of the pulse of ammonium-enriched seawater on Glutamine and Glutamate abundance in symbiotic dinoflagellate cells within the reef-building coral Acropora aspera. Fold change in Glutamine (a) and Glutamate (b) (log 2 ratio of labeled samples divided by the pool of control samples). The box-whisker plot separates the data into quartiles, with the top of the box defining the 75th percentile, the line within the box giving the median, and the bottom of the box showing the 25th percentile. The upper 'whisker' defines the 95th percentile; the lower whisker, the 5th percentile (N ¼ 6 coral branches per time point per treatment). *Significant difference (t-test, Po0.05) between treatment and control for the same time point.
Single-cell view of ammonium assimilation in corals M Pernice et al experiments with extended chase period and Nano-SIMS imaging combined with high performance liquid chromatography and mass spectrometry analysis, in order to precisely analyse the identity and the sequence of production of these compounds. In this way, the metabolic interactions between dinoflagellate symbionts and their coral host will be fully characterized providing a basis to understand the effect of abiotic changes on the nutritional function of this important symbiosis.
Conclusion
In conclusion, we describe the dynamic incorporation of ammonium in the symbiotic coral A. aspera by combining a short-term pulse-chase isotopic labeling with high spatial resolution ion microprobe imaging. Although this procedure might be improved by using advanced sample preparation technology, it paves the way for future investigations into metabolic interactions in corals and other models of symbiosis. Given the importance of nitrogen in cell maintenance, growth and functioning, the observed capabilities of both dinoflagellate and animal cells to rapidly fix nitrogen from seawater enriched in ammonium (in less than 1 h) may be a key component of the nutritional function of symbiotic cnidarians. Further, our data clearly demonstrate significant differences in the assimilatory abilities of coral and dinoflagellate cells, the symbionts fixing 14 to 23 times more nitrogen than coral host cells in response to a pulse of ammoniumenriched seawater. This particular model of ammonium assimilation may vary significantly depending on several factors, such as the nitrogen regimes, the presence of associated microbial communities and, ultimately, the different host-dinoflagellate combinations. Nevertheless, further research combining isotopic labeling experiment with extended chase periods, NanoSIMS imaging and chemical profile analysis should enable us to unveil the fate of nutrients and to test how nutritional interactions changes when corals and their dinoflagellate symbionts are exposed to different environmental conditions. Given the fact that Symbiodinium are widely distributed in the photic zone of tropical and subtropical sea waters, and live symbiotically with numerous other reef organisms such as soft corals, sea-anemones, jellyfish, giant clams, sponges, foraminifera or nudibranchs, NanoSIMS isotopic imaging has the potential to dramatically improve our understanding of the metabolic activities and the nutritional interactions that lie at the very heart of coral reef ecosystems. Figure 6 Model of ammonium assimilation in the coraldinoflagellate symbiosis. Green and blue arrows highlight the capacity of dinoflagellate symbionts and coral gastrodermal cells to fix nitrogen within the symbiosis following a pulse of ammonium enriched seawater as demonstrated by NanoSIMS analysis of 15 N-labeled tissue. Blue arrows denote the main hypothesis for ammonium incorporation by the coral host using GS/GOGAT cycle and GDH and potential transfer to the dinoflagellate symbionts. Orange arrows indicate the main hypotheses for the metabolic fates of ammonium-derived products in the dinoflagellates symbiont and their potential transfer to the coral host: (1) direct transfer of ammonium derivedglutamine (Gln) and glutamate (Glu) to the coral host; (2) incorporation of ammonium derived-glutamine and -glutamate into other amino acids or proteins that that could be later mobilized within symbiont cell compartment or translocated to the coral host; (3) conversion of ammonium derived-glutamate by the symbiont to produce key intermediates of the Krebs cycle (TCA) further used for energy production and (4) incorporation of ammonium derived-glutamine by the symbiont into the purine pathway to form stores of derived compounds with high nitrogen content, such as uric acid. dGS, dinoflagellate symbiont glutamine synthetase; dGOGAT, dinoflagellate symbiont glutamine: 2-oxoglutarate aminotransferase; hGS, coral host glutamine synthetase; hGOGAT, coral host glutamine:2-oxoglutarate aminotransferase; hGDH, coral host glutamate dehydrogenase. Gray arrows indicate proteins catabolism and excretion pathways.
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